Abstract: Due to limited biomass availability, the establishment of optimal route biofuel 13 value chains (one conversion route for each feedstock) is a key prerequisite for a feasible 14 bioenergy sector. This way, biorefineries can take advantage of the economies of scale and 15 increase their economic potential. Therefore, techno-economic comparison between similar 16 conversion processes for the utilisation of individual feedstocks is essential. To this effect, 17 the present study focuses on the feasibility of two biomass to liquids (BtL) thermochemical 18 conversion routes for the production of hydrocarbon fuels. Aspen plus software was 19 2 employed to investigate a gasification followed by Fischer-Tropsch synthesis route (G-FT) 20 and fast pyrolysis followed by hydroprocessing (FP-H) by developing process flowsheets 21 and solving the associated mass, and energy balances. Based on the simulations, 22 thermodynamic (energy/exergy analysis) and economic (financial and risk analysis) 23 evaluations were carried out. Sensitivity analyses have been performed in order to define 24 the key parameters of each conversion route. Sugar cane bagasse, the waste solid residue of 25 the sugar cane milling process, was considered as feedstock at a flowrate of 100 t/h. Based on 26 the outcomes of the evaluations, the two alternatives were compared and it was concluded 27 that, both energetically and financially, G-FT synthesis is the more efficient option. 28
Introduction 29
During the last few decades the critical issues of energy security, petrol price increase and 30 rising awar 31 bioenergy sector. Various policies have been implemented throughout these years in order 32 to give a significant boost to this direction and governments have applied massive 33 investments in exploration and expansion of biomass conversion routes. The constant 34 increase in carbon dioxide emissions coupled with the restricted supply of fossil fuels, has 35 brought forth considerations relating to the sustainability of our world in terms of attaining 36 a less polluted environment [Murphy and Kendall, 2015] . In view of this and the related, 37 inevitable, depletion of fossil reserves, the biorefinery concept has recently emerged. 38
Biomass is the sole renewable energy source that can produce liquid fuels with properties 39 similar to fossil fuels. Biomass as an energy feedstock offers numerous benefits such as: 1) 40 Improvement of energy security and accessibility through the replacement of imported 41 fossil fuels, 2) decreased oil dependency, 3) expansion of the current energy market, 4) 42 6 synthesis and a fast pyrolysis-hydroprocessing route. The study compares, in terms of 112 technological and economic feasibility two processes that give, as final products, fuels that 113 can be directly utilised within the present technological infrastructure. 114
Process modelling 115
The inlet mass flow rate for all the cases was set equal to 100 t/h [Cardona et al., 2010] . User 116 defined non-conventional solids were determined to symbolize bagasse and ash. Aimed at 117 those modules two Aspen models were allocated: one for the density (DCOALIGT) and the 118 second one enthalpy (HCOALGEN) that necessitates awareness of proximate analysis and 119 ultimate analysis of the bagasse (see Table 1 ) [Cao et al., 2013] . The physical properties of 120 the conventional components have been estimated by using the Redlich-Kwong-Soave cubic 121
equation of state with Boston-Mathias alpha function (RKS-BM). This method is suitable for 122
gas-processing, refinery and petrochemical applications such as gas plants, crude towers 123 and ethylene plants. RKS-BM is normally utilised for nonpolar or mildly polar mixtures. 124
Using the RKS-BM model, rational and reliable outcomes can be anticipated at all 125 temperatures and pressures. The SOLIDS property option was employed for the biomass 126 crushing and drying units as it is recommended for solids processing unit operations. 127
For both process pretreatment of bagasse is essential before it enters the gasification or 128 pyrolysis unit. Pretreatment section consists of bagasse crushing to small particles and 129 drying. A standard Aspen plus block for a crusher was employed to simulate a gyratory 130 crusher which chops bagasse to a final particle size equal to 2 mm [Luo et al., 2011] . A 131 gyratory crusher was selected due to its low power requirement, robust construction and 132 low operating costs. After this, bagasse enters a dryer in order to reduce its moisture content7 to 10 %. For this purpose a fluidised bed dryer was used since the high rate of heat and mass 134 transfer accomplished guarantees much faster and more homogeneous drying than attained 135 by using other techniques such as oven and vacuum drying [Luo et al., 2011] . The high 136 initial moisture content of bagasse makes it necessary to employ a dryer so as to reduce heat 137 losses in the gasification/pyrolysis unit. The fractional conversion of bagasse to water was 138 estimated by embedding a FORTRAN statement into the main model. The energy required 139 for the drying process is provided by the flue gas exiting the power generation unit. After 140 the dryer a common separator block was used to remove the moisture. 
The G-FT alternative

145
Conversion of biomass derived syngas conversion to liquid fuels can be achieved via FT 146 synthesis. FT is a common and well known technology for producing liquid fuels from 147 solids (coal, biomass) or gases (natural gas). The FT process is capable of providing fuels that 148 can be used directly as alternatives to petrol gasoline and diesel without any modifications 149 to the current commercial combustion engines. The steps within the G-FT route can be 150 classified as follows: 1) gasifier island, 2) syngas quenching and cleaning, 4) FT synthesis 151 reactor, 5) product recovery and separation and 6) heat and power generation system. A 152 steam fluidised bed reactor was considered operating at atmospheric pressure, temperature 153 of 1150K and steam to biomass ratio of 1.25. The equilibrium model approach was adopted 154 and thereby the gasifier was modelled with an RGIBBS reactor (by identifying the possible 155 products) in Aspen Plus. At these conditions, H2:CO ratio achieves a value of 2.05. Where Wn is the product mass fraction, Mn is the product mole fraction and n the number of 170 carbon atoms. For enhancing mainly diesel and secondly gasoline production a value of 171 equal to 0.9 is acceptable (Fig. 1) . For simulation purposes, the produced hydrocarbons were 172 The units of heavy naphtha reformer and light naphtha isomerization reactor that are used 201 to increase the octane number of the gasoline stream were not simulated but they were taken 202 into consideration in the economic evaluation of the process. Finally the gas mixture 203 comprising mainly carbon monoxide, hydrogen, methane and ethane enters a combined 204 heat and power cycle (Brayton-Rankine) to generate electricity. The pyrolysis unit was simulated as a RYIELD reactor with a calculator block (including 216 FORTRAN statements) that defines the product distribution of gas, tar and char according to 217 Table 3 [Peters et al., 2015] . Two heat exchangers were used in order to cool the pyrolysis 218 output stream and thereby condense the liquid products from the non-condensable gases. 219
The cooling agent in the first exchanger is cooling water while in the second, ammonia was 220 used as refrigerant. A portion of the gas stream (30 wt%) is returned to the pyrolyser, acting 221 as fluidising agent, while the remaining portion enters a CHP unit to generate electricity. 222
The organic liquids need to be upgraded in order to give value added products. The 223 upgrading process that was taken into consideration in this research was bio-oil 224 hydrotreating and hydrocracking. These processes (also known as hydroprocessing) are 225 typically utilised in the petroleum refinery sector in order to take away unwanted 226 substances, including sulphur compounds, from crude oil and to crack down long chain 227 hydrocarbon molecules, leaving as products clean gasoline and diesel. Bio-oil commonly 228 consists of substantial amounts of oxygenated substances which are non-essential for 229 internal combustion engine applications. During the hydrotreating procedure, oxygen 230 contained in the bio-oil is incorporated into water and carbon dioxide, producing 231 hydrocarbons which meet the requirements for combustion in vehicle engines. On the other 232 hand, hydrocracking is a suitable technique to break down the structure of complex 233 hydrocarbon compounds, contained in bio-oil, to gasoline-range and diesel-range product 234
fractions. 235
Pyrolytic lignin (modelled as guaiacol [Jones et al., 2013] ) is insoluble to water and can be 236 separated from the other products and eventually enters a hydro-processing unit 237 
Steam is supplied to the units from the quenching section. A conversion reactor module 260 (RSTOICH) was utilised to model the reformer, setting the operating temperature at 700°C. 261
The conversion in the above reactions (Equation 6.23) was set equal to 80% and the 262 unreacted organics are recycled into the reformer. A Pressure Swing Adsorption (PSA) unit 263 (modelled as a common separator by setting the efficiency equal to 99%) is used to separate 264 hydrogen from carbon dioxide and then purified hydrogen is compressed to 70 bar through 265 a multi-compressor. After the pyrolysis reactor the char is separated from the gaseous 266 products in a cyclone and is led to a combustor where it is burnt with an excess (15%) of pre-267 heated air. The combustor was simulated as a RSTOICH reactor where the conversion of the 268 combustion reactions was set equal to 90%. The flue gas is recovered by a common Rankine 269 steam cycle unit to generate power and heat. The electricity generated is enough to cover 270 the power demands of the process and the excess can be sold as by-product to enhance the 271 profitability of the process. processes within each option has been carried out the overall energy balance determined. 276
The energy and exergy efficiencies ( and respectively) have been calculated; the aim of 277 this section is to quantitatively compare these values and give a recommendation as to 278 which option is most efficient. These thermochemical efficiencies, the most robust method of 279 quantifying the efficiency of a process, compare the energy/exergy content of the desired 280 fuel to the energy/exergy contained in the original feedstock in addition to all the chemical 281 and net thermal energy inputs required throughout the conversion process as described in 282
Eqs. (6-7). Fig. 2 comparatively illustrates the efficiencies. 283 (6) 284
(7) 285
Where and are the mass flow rates of the produced fuels and bagasse, 286 respectively and subscripts in and out stand for produced energy/exergy flows and 287 external energy/exergy flows respectively. All the necessary thermodynamic data have 288 been extracted from Aspen plus process simulator. Given the process technologies modelled 289 and integrated, the G-FT conversion route of bagasse gives the higher energy/exergy ratios 290 of 68%/62% and hence thermochemical energy efficiency. For FP-H the equivalent values are 291 58%/56%. This difference can be explained by the fact that the liquid fuels productivity is 292 higher for the G-FT because the entire content of bagasse goes to fuels while in FP the lignin 293 content is utilised in a CHP unit. 294 (Fig. 2 here) pyrolysis route is 150 MW and more than half of it occurs in the pyrolysis reactor and the 305 CHP unit. FT synthesis has lower exergy losses and the major contributor to them are the 306 gasifier and the FT reactor. 307 (Fig. 3 here)  308 
Exergy costing 309
Exergy analysis has been finalised by calculating the cost related to the exergy destruction 310 throughout the process. This expenditure (CE) refers to the cost of producing a fuel which 311 can provide useful exergy equal to that lost under the same conditions. It can be described as 312 efficiency. In order to precisely compare the outcomes derived from the irreversibility cost 317 analysis, the total cost per exergy flow input (cE) was calculated as the ratio of the 318 irreversibility cost (CE) over the exergy flow input of bagasse (see Table 4 ). It is quite 319 obvious that there is a strong connection between efficiency and cost the higher the 320 efficiency the less the exergetic costs. As a result, the cost of producing G-FT fuels is higher 321 than the FP-H fuels production cost. 322 (Tab4 here) 323
Financial analysis 324
In this section, the economic sustainability of the proposed processes would be examined. 325
The methodology is quite similar to the one proposed by Peters et al. [2003] . First of all the 326 estimation of total capital investment (TCI) will be conducted and then the calculation of the 327 annual operating costs (OC). Finally the estimation of net cash flows will be conducted. The 328 cost of capital set equal to 7%, straight line depreciation was selected (assets depreciated in 329 10 years), the currency is GBP (Great Britain Pounds), the annual operating hours are 8,000, 330 the project lifetime is 20 years, the reference year is 2014 and the tax rate 40%. Additionally 331 any kind of subsidies related to the production of renewable value products has not been 332 The TCI is eventually the sum of EC, and direct and indirect costs. The operating cost 344 comprises labour, catalyst and utilities cost and are illustrated in Table 5 Where f is the economic scale parameter and its suggested value for chemical processes is 370 -0.33 [Peters et al, 2003] . 371 (Fig. 5 here) 372 373 3.6 Financial Risk analysis 374 So far, it was presumed that the economic assessment was deterministic and the values of 375 each key factor are well known with absolute certainty. However, in reality most, if not all, 376 of these parameters are subject to changes. Therefore, in order to take into consideration 377 these uncertainties the behaviour of NPV was examined with the values of total capital 378 investment, revenues and operating cost varying from their calculated values within the 379 bounds depicted in Table 6 . Hence, a code was developed in Matlab environment based on 380
Monte Carlo simulation principles which can calculate the NPV for random combinations of 381 the above economic factors. The following histograms (Fig. 6) depict the results of this 382 analysis and additionally the mean value and standard deviation for each case were 383 estimated. The financial risk analysis indicates that G-FT process seems to be more reliable 384 through the changes of key economic factors since its mean value of NPV is less than FP-H, 385
i.e. £ 20M and £ 11M respectively as well as the standard deviation is lower, i.e. 77 and 122. 386 Hydrogen productivity (kg/h) -3,700
Electricity surplus (MW) 6.5 15 
